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Abstract 

Synthesis  and  characterisation  of  new  nanocomposites  of  poly(3-decylpyrrole)  (P3DP)  and  poly(hexadecylpyrrole)  (P3HDP)  with  V205 
are  described.  These  nanocomposites  were  characterised  using  X-ray  diffraction  (XRD),  electrochemical  quartz  crystal  microbalance, 
electroacoustic  impedance  (EAI)  and  cyclic  voltammetry.  The  results  were  compared  with  an  other  nanocomposite,  polypyrrole  (Ppy)/V205, 
aiming  to  verify  the  influence  of  the  side  chains  of  P3DP  and  P3HDP  on  the  electrochemical  behaviour  of  V205.  These  hybrid  materials  have 
different  structures  that  modify  the  electrochemical  properties.  The  side  chains  of  P3DP  and  P3HDP  contributed  to  greater  electrochemical 
stability  than  that  of  Ppy  into  the  V205  matrix.  This  results  in  a  higher  specific  capacity  for  the  P3DP/V 205  and  P3HDP/V 205  nanocomposites 
(115  and  106  Ah  kg"1,  respectively)  than  that  of  Ppy/V205  (50  Ah  kg"1)  after  50  electrochemical  cycles. 

©  2002  Published  by  Elsevier  Science  B.V. 
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1.  Introduction 

In  the  last  year,  several  groups  have  reported  important 
results  on  nanoscience  and  nanotechnology.  The  design  of 
nanoscale  objects  can  optimise  several  properties,  in  optics, 
electronics,  catalysis,  biotechnology,  etc.  [1],  In  addition,  the 
design  of  nanohybrid  architectures  have  been  explored  as 
cathode  materials  for  Li-ion  batteries.  Hybrid  materials 
formed  by  an  intimate  contact  at  molecular  level  between 
electronic  conducting  polymers  (ECP)  and  vanadium  pent- 
oxide  (V2O5)  [2-17]  are  excellent  candidates  for  this  category 
of  cathodes.  Specifically,  the  nanocomposite  formed  by 
polypyrrole  (Ppy)  and  V2O5  has  shown  a  higher  specific 
capacity  and  energy  density  than  that  of  the  xerogel  film 
[5,7,8].  However,  the  present  work  shows  that  the  Ppy/V 205 
nanocomposite  shows  an  important  electrochemical  instabil¬ 
ity  when  cycled  several  times,  making  its  practical  use 
unsatisfactory.  One  approach  to  addressing  this  issue  is  to 
intercalate  polypyrrole  derivatives  into  the  oxide,  as  poly(3- 
alkylpyrrole)  [18,19],  since  they  offer  the  possibility  of 
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alleviating  structural  changes  during  the  redox  process  due 
to  their  side  chain  length. 

In  this  work,  the  structural,  mechanical  and  electroche¬ 
mical  properties  of  the  Ppy/V205  nanocomposite  and  novel 
nanocomposites  with  V2O5,  poly(3-decylpyrrole)  (P3DP)/ 
V205  and  poly(hexadecylpyrrole)  (P3HDP)/V205  were 
examined.  These  properties  were  investigated  using  X-ray 
diffraction  (XRD),  electroacoustic  impedance  (EAI),  elec¬ 
trochemical  quartz  crystal  microbalance  (EQCM)  and  cyclic 
voltammetry. 


2.  Experimental 

The  nanocomposites  of  Ppy/V205,  P3DP/V205  and 
P3HDP/V205  were  produced  by  addition  of  1.42x  10"4  mol 
of  pyrrole  (Aldrich,  previously  distilled),  3DP  and  3HDP 
(monomers  prepared  according  to  [20,21])  to  120  ml  of 
water.  Soon  after,  8.5  x  10"4  mol  of  vanadyl  tris(isoprop- 
oxide),  VC9H2i04  (Gelest),  was  added  to  this  solution 
giving  a  green  transparent  liquid.  The  volume  was  then 
reduced  by  heating  under  vacuum  in  the  temperature  range 
of  55-70  °C  using  a  rotary  evaporator  during  a  period  of  ca. 
2  h.  This  procedure  results  in  the  reduction  of  a  fraction  of 
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the  vanadium(V)  species  to  vanadium(IV)  with  a  consequent 
oxidative  polymerisation  of  the  monomers.  To  prepare  thin 
films,  the  resulting  solution  was  dropped  onto  appropriate 
substrates  and  then  evaporated  by  heating  at  100  °C  for  2  h. 

X-ray  diffraction  measurements  were  run  in  a  Carl  Zeiss 
URD-6  diffractometer  using  monochromatic  Cu  Ka  radia¬ 
tion.  The  samples  were  thin,  cast  films  of  the  nanocomposite 
on  ITO  substrates.  For  electrochemical  experiments,  the 
counter  electrode  was  platinum  and  the  reference  was 
Ag  I  AgN03  saturated.  The  substrates  of  the  working  elec¬ 
trodes  were  6  MHz  AT-cut  quartz  crystals  coated  with  gold 
by  thermal  vacuum  deposition,  followed  by  electrodeposi¬ 
tion  of  Pt  from  a  solution  of  H2PtCl6.  The  piezoelectrically 
and  electrochemically  active  area  was  0.31  cm2  with  an 
integral  sensitivity  constant,  K,  of  6.45  x  107  cm2  s-1  g-1 
(experimentally  determined  for  the  electrodes  used  in  this 
work  [22]).  The  resonance  frequency  shift  was  measured 
with  a  HP-5370B  Universal  Timer/Counter.  Electrochemi¬ 
cal  measurements  were  carried  out  using  a  FAC  2001 
potentiostat/galvanostat.  Changes  in  the  resonance  fre¬ 
quency  of  the  EQCM  crystal  were  transformed  into  mass 
changes  by  using  the  Sauerbrey  equation  [23].  Electroa¬ 
coustic  impedance  measurements  were  made  with  a  HP- 
41 92A  Frequency  Impedance  Meter. 


3.  Results  and  discussion 

Fig.  1  shows  the  X-ray  diffraction  data  for  [Ppy]o.3V205, 
[P3DP]03V2O5  and  [P3HDP]0.3V2O5.  The  curve  for 
[Ppy]o.3V205  clearly  shows  some  (0  0  1)  peaks,  typical  of 
turbostratic  stacking  of  the  dimeric  V205  slabs.  The  26  value 
of  the  (0  0  1)  plane  corresponds  to  an  interplanar  spacing  of 
1.38  nm,  consistent  with  previous  reports  on  Ppy/V205 
hybrid  materials  [5].  This  spacing  suggests  that  at  least 
some  of  the  Ppy  fraction  intercalates  into  turbostratic  stack¬ 
ing  of  V205,  indicating  an  intimate  contact  between  the 
electronic  conducting  polymer  and  the  host  matrix  in  this 
material,  called  a  nanocomposite.  Curiously,  with  a  peak 
associated  to  the  (0  0  2)  plane,  which  is  not  observed  for 
V205  xerogel  [13]  was  found.  The  discussion  of  the  structure 
of  V205  is  reported  elsewhere  [24,25],  and  the  absence  of 
this  peak  suggests  that  this  material  is  formed  by  the  stacking 
of  V205  bilayers  [24,26],  Thus,  XRD  data  show  that  the 
presence  of  Ppy  modifies  the  structure  of  the  inorganic 
matrix,  which  must  be  formed  by  the  stacking  of  mono- 
layers.  The  weakness  and  width  of  the  (0  0  1)  signals  for 
[Ppylo.3V205  suggests  a  poorly  organised  structure  com¬ 
pared  with  V205  [13],  This  is  ascribed  to  a  decrease  in  the 
length  of  the  oxide  chains  provided  by  the  presence  of 
Ppy  during  the  condensation  process  [7].  The  curves  for 
[P3DP]o.3V205  and  [P3HDP]o.3V205  also  show  an  inter¬ 
planar  spacing  of  1.38  nm,  consistent  with  the  intercalation 
of  P3DP  and  P3HDP  between  the  lamellae  of  V205.  How¬ 
ever,  the  alkyl  chains  linked  to  the  pyrrole  ring  do  not 
contribute  to  the  increase  of  the  interlayer  space.  This  fact 
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Fig.  1.  X-ray  diffraction  patterns  of  [Ppylo.3V205  (I),  [P3DP]03V2O5  (II) 
and  [P3HDP]0  3V205  (III).  The  signal  (*)  is  associated  to  peaks  of  the 
substrate.  The  crystallographic  planes  corresponding  to  the  characteristic 
peaks  are  also  shown. 

suggests  that  the  plane  of  the  pyrrole  rings  is  parallel  to  the 
(0  0  1)  planes.  Moreover,  it  is  observed  an  increase  in 
amorphicity  compared  to  the  [Ppy]o.3V205.  This  increase 
in  the  structural  disorder  can  be  assigned  to  the  alkyl  chains, 
which  provides  a  considerably  decreasing  length  of  the 
oxide  chains. 

In  order  to  investigate  the  influence  of  these  distinct 
polymers  on  the  viscoelastic  properties  of  the  nanocompo¬ 
sites  and  to  validate  Sauerbrey’s  equation,  electroacoustic 
impedance  experiments  were  examined.  Firstly,  0.4  V  (oxi¬ 
dised  state)  was  applied  for  a  half-hour,  allowing  the  system 
to  reach  electrochemical  equilibrium.  After-wards,  this  pro¬ 
cedure  was  repeated  at  —1.2V  (reduced  state).  The  EAI 
data  were  obtained  between  5.895  and  5.905  MHz.  Small 
changes  in  the  conductance  and  half-band  width  values 
were  observed  from  the  oxidised  state  to  the  reduced  state 
for  all  studied  nanocomposites.  Specifically,  there  was  a 
decrease  in  the  conductance  values  of  2.7%  (from  1.346  to 
1.310  ms),  0.5%  (from  0.796  to  0.792  ms)  and  1.9%  (from 
0.855  to  0.839  ms)  for  [Ppy]0.3V2O5,  [P3DP]o.3V205  and 
[P3HDP]o.3V205,  respectively.  In  addition,  there  was  an 
increase  in  half-band  width  values  of  3.5%  (from  2261  to 
2340  Hz),  2.3%  (from  4047  to  4142  Hz)  and  1.1%  (from 
4090  to  4135  Hz)  for  [Ppy]o.3V205,  [P3DP]0.3V2O5  and 
[P3HDP]0  3V205,  respectively.  Although  these  experiments 
cannot  distinguish  the  mechanical  properties  among  the 
studied  nanocomposites,  they  can  be  used  to  assign  a  better 
mechanic  stabihty  in  comparison  with  V205  xerogel.  In  fact, 
the  EAI  data  of  V205  xerogel  show  significant  changes  from 
oxidised  to  reduced  states  [17],  These  results  confirm  the 
validity  of  Sauerbrey’s  equation.  So,  frequency  change  can 
be  transformed  in  mass  changes  for  these  hybrid  nanocom¬ 
posites. 

Fig.  2  shows  Am/E  and  A mJE,  where  Amc  was  deter¬ 
mined  by  considering  only  the  intercalation/deintercalation 
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Fig.  2.  The  (®)  calculated  and  (O)  experimental  Am IE  potentioaynamrc 
profiles  of  (a)  [PpykaVjOj;  (b)  [P3DP]03V2Oj  and  (c)  [P3HDP]a3V205 
in  LiC104  0.5  mol  I  '/PC  electrolytic  solution.  Scan  rate  =  0.005  V  s 


of  Li+  ions,  transforming  charge  in  mass.  The  experimental 
results  were  recorded  when  the  mass  shift  was  invariant  with 
time.  Experimental  mass  change  is  in  all  cases  larger  than 
the  calculated  one  suggesting  that  a  significant  amount  of 
solvent  molecules  intercalates/deintercalates  into  the  host 
matrixes.  Moreover,  a  different  profile  for  [Ppy]o.3V205 
(Fig.  2a)  in  comparison  to  [P3DP]0  3V205  (Fig.  2b)  and 
[P3HDP]0  3V205  (Fig.  2c)  was  observed.  For  E  >  —0.5  V,  a 
significant  mass  decrease  during  negative  potential  scan  is 
attributed  to  deintercalation  of  solvent  molecules,  similar  to 
EQCM  data  for  V205  [27].  The  opposite  process  was 
observed  during  positive  potential  scan.  For  all  the  nano¬ 
composites,  the  mass  increase  (decrease)  during  the  negative 
(positive)  potential  scan  is  associated  with  intercalation 
(deintercalation)  of  Li+  and  solvent  molecules.  The  parti¬ 
cipation  of  C104-  in  the  charge  compensation  mechanism 
should  give  a  mass  shift  profile  opposite  to  that  observed  [28]. 
This  fact  indicates  that  oxide  chains  act  as  counter-anions 


Fig.  3.  The  (•)  3rd  and  (O)  50th  voltammetric  cycle  of  (a)  [Ppy]o.3V205, 
(b)  [P3DP]0.3V2O5  and  (c)  [P3HDP]03V2O5  in  LiC104  0.5  mol  1  '/PC 
electrolytic  solution.  Scan  rate  =  0.005  V  s  Film  mass  =  16  |rg. 


for  the  electronically  conducting  polymers,  suggesting  an 
intimate  contact  between  organic  and  inorganic  materials 
in  the  ordered  and  amorphous  parts  of  the  films.  The 
difference  in  the  intercalation  process  of  solvent  molecules 
can  be  associated  the  morphology  of  these  materials.  For 
composites  formed  by  V205  with  low  ordered  lamellae,  as 
PANI/V205  [17]  and  PSPAN/V205  [29],  a  significant  expul¬ 
sion  (incorporation)  of  solvent  (in  this  case  propylene 
carbonate)  during  the  intercalation  (deintercalation)  of  Li+ 
was  not  seen. 

An  essential  characteristic  of  these  types  of  materials  is 
electrochemical  stability,  because  these  materials  are  sub¬ 
jected  to  multiple  charge/discharge  cycles.  Fig.  3  shows 
the  3rd  and  50th  voltammetric  cycles  for  [Ppy]o.3V205, 
[P3DP]0.3V2O5  and  [P3HDP]0.3V2O5.  For  the  third  cycle,  it 
was  found  a  greater  specific  capacity  for  [Ppy]o.3V205 
(198  Ah  kg-1)  compared  to  [P3DP]0  3V2O5  (150  Ah  kg-1) 
and  [P3HDP]0  3V205  (148  Ah  kg-1).  However,  the  specific 
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capacity  of  [Ppy]o.3V205  decreased  to  50  Ah  kg-1  (25%  of 
charge  inj  ected  in  third  cycle)  after  50  cycles.  This  is  in  contrast 
to  the  other  nanocomposites,  i.e.  the  [P3DP]0.3V2O5  and 
[P3HDP]0  3V205  which  retain  specific  capacity,  115  and 
106  Ah  kg-1  (76  and  72%,  respectively  of  charge  injected 
in  the  third  cycle)  after  50  cycles.  Another  important  observa¬ 
tion  is  the  change  observed  in  the  current-potential  profile. 
The  third  potentiodynamic  cycle  for  [Ppy]o.3V205  is  markedly 
changed  after  50  cycles,  showing  a  significant  potential  peak 
shift  to  more  positive  values.  Otherwise,  the  [P3HDP]0.3V2O5 
nanocomposite  shows  a  better  electrochemical  stability.  For 
some  insertion  electrodes,  the  stability  depends  on  structural 
changes  during  the  redox  process.  It  is  known  that  the  electro¬ 
chemical  profile  of  V205  xerogel  changes  during  the  inter¬ 
calation/deintercalation  of  Li+  due  to  structural  changes  [30]. 
Thus,  the  voltammograms  shown  in  Fig.  3  indicate  that  the 
alkyl  chains  (mainly  from  the  P3HDP  polymer)  avoid  sig¬ 
nificant  structural  modifications,  contributing  to  a  greater 
electrochemical  stability  of  [P3DP]0.3V2O5  and  [P3HDP]0  3- 
V205  than  that  of  [Ppy]o.3V205. 


4.  Conclusions 

The  synthesis  method  employed  in  this  work,  allowed  the 
formation  of  thin  homogeneous  films.  The  XRD  and  EQCM 
data  have  shown  that  the  inorganic  and  organic  components 
are  intimately  mixed  in  the  crystalline  and  amorphous 
regions.  The  participation  of  anions  for  charge  compensa¬ 
tion  mechanism  in  these  materials,  was  not  observed,  sug¬ 
gesting  that  the  V205  matrix  acts  as  a  “counter-anion”  for 
the  organic  polymers  This  is  very  important  because  it 
minimises  the  amount  of  electrolyte  required  in  Li-ion 
batteries,  increasing  the  specific  capacity  of  the  device. 
The  presence  of  ECP  avoids  significant  changes  in  the 
viscoelastic  properties  and  modifies  the  V2Os  matrix  struc¬ 
ture,  altering  the  intercalation  mechanism  of  solvent  mole¬ 
cules.  In  addition,  the  presence  of  long  alkyl  chains  linked  to 
pyrrole  ring  avoids  significant  dimensional  changes  of  the 
V205  matrix,  assuring  a  higher  electrochemical  stability 
than  that  of  the  [Ppy]o.3V205.  However,  it  is  still  necessary 
to  better  understand  these  materials,  for  optimisation  of  their 
use  in  Li-ion  batteries. 
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